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ABSTRACT

415!

A broad experimental program has been conducted to study the
effects of electron bombardment in silicon and silicon solar cells.

Using Hall effects measurements, it has been found that the defect

material in crucible grown p-type silicon. Since this level is not

found in float zone p-type silicon, it appears that the defect does not
involve a dopant impurity and depends on the presence of oxygen for its
formation. These findings are consistent with previous suggestions that
the silicon K center and the E,; + 0.3ev level are related to the same
defect and also with the currently proposed model that the K center is a
double oxygen, double vacancy complex, or a double A center. Annealing
experiments indicate that the 0.3/ ev level begins to anneal rapidly around
500°C with complete annealing at 500°C to 600°C in low dislocation
material. In high dislocation material the annealing occurs in two stages
at 350° to 400°C and 550° to 600°C. Complete annealing of n/p solar cells
is also observed to occur in the 400°C range. Since reasonably high
dislocation densities are produced in the production of solar cells, the
similar annealing characteristics observed lend further support to the
relationship between the 0.3 ev level and the degradation of n/p solar
cells. In addition, a series of experiments were performed on the
dependence of solar cell degradation under electron bombardment on irradia-

tion temperature. It is observed that both p/n and n/p solar cells exhibit
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The following corrections should be made in this report:

(1) Page 14 - Second complete paragraph

~ 0,17ev in the first sentence should be changed to
Ec ~ 0.17ev.

(2) Page 26 ~ First complete paragraph

E, - O.3ev‘in the last sentence should be changed to
E, + 0.3ev.

(3) Page 27 ~ First paragraph

b

¢ T 0.3ev in the first sentence should be changed to
+ 0.3ev.

B




4161-6023-R0000
Page iv
recombination center introduction rates which are independent of temperature
over a range of 779K to 373°%K for p/n solar cells and over a range of
198%K to 373% for n/p solar cells. At 779K n/p solar cells exhibit an
apparent factor of 5 increase in degradation rate. The recombination
center responsible for this effect can be produced and observed only at

77°K and is not stable at higher temperatures.
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I. INTRODUCTION

The objective of the efforts presented in this report was to
gain further understanding of defects in electron irradiated silicon. Many
investigations of recombination in electron irradiated silicon have been
repiorted.l"5 Because of the complexity involved in the nature -
of recombination statistics, conflicting results have often
been observed. However, by using direct and indirect methods, several
conclusions can be reached regarding the defects involved in recombination.
Considerable information has been gathered by these means. The problem
now is to rationalize the data obtained by these various methods in order

to resolve these areas where conflicting evidence exists.

The studies completed in this program cover several aspects of
radiation defects. Although most of this work is of a more basic nature,
some of the results can be useful in engineering problems or applications.
The first four sections cover studies which were designed to give informa-
tion about characteristics and structure of major radiation defects. This
work employs mainly the effects of variation of dopants in the silicon
and the study of the kinetics of thermal annealing of defects. The
remaining sections cover studies relating to the recombination process

in electron irradiated silicon.
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II. EFFECT OF IMPURITIES ON PRODUCTION OF THE E, + O.3ev IEVEL

The radiation defects present in silicon at room temperature
have been shown to be considerably more complicated than simple vacant lattice
sites and interstitial silicon atoms which are stable only at the very
lowest temperatures, if at all. The first stable defect to be well
characterized was the Si-A or Si-Bl center.6 This defect was proven to
be an oxygen-vacancy pair. The defect is also an electrically active
acceptor which can remove electrons from the conduction band with an
activation energy of 0.17 ev. The complex nature of this defect is typical
of the defects found at room temperature. A few such defects have been
characterized as to crystalline and electronic structure. The status of
this subject was reviewed by Watkins at the Paris conference.’ This
laboratory has devoted considerable effort to study of a donor level
0.3 ev above the valence for condﬁction band.l’_2’8’9 This defect is the principle
carrier removal site during electron irradiation of crucible grown p-type
silicon. The defect responsible for this energy level is also believed
to be related to the Si-K center resonance.l® This defect is of particular
interest because its introduction rate and the degradation rate of minority
carrier lifetime in n/p solar cells have the identical steep electron
energy dependence. Since the nature of the recombingtion center in
irradiated p-type silicon is still in doubt, the energy dependence data

indicates that the 0.3 ev level may be involved in recombination.

Because of its possible role in recombination, it is desirable
to know more about the structure of the E;y + 0.3 ev level. Since the

level can only be observed in p-type silicon, it is possible to vary the
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acceptor atom used in doping the crystal. If dopant atoms are included in
the radiation defect complex, one might expect to see some variation in
the defect introduction rate when various chemical dopants are used.
Likewise, if oxygen is involved in the defect complex, changes in the
oxygen concentration should affect the introduction rate of the defect.
Studies of this type not only clarify defect structures, but indicate
possible ways to control or minimize the radiation damage. In addition,
the results may offer confirmation of the relation between the XK center

and the 0.3 ev level.

Several p-type silicon crystals were grown by the crucible method
by Monosilicon, Division of Wacker Chemical. The dopants used were boron,
aluminum, gallium, indium, and gadolinium. An attempt was made to grow all
the crystals with a resistivity of 10 ohm~cm; however, some variation was
encountered. All crystals had dislocation concentrations below lOO/cm?,
except for the boron doped crystal which had lOa/cm2 by etch pit count.

The crystals were fabricated into bridge samples for Hall effect measure-
ments. The instrumentation details of the Hall measurement have been
discussed in previous reports.s The irradiations were done on the TRW

1 Mev Van de Graaff at an energy of 1 MeV at room temperature. Beam
currents were measured with a Faraday cup and integrating amplifier
arrangement. The Hall coefficient was measured as a function of temperature
before irradiation. The samples were then irradiated with care to avoid
the effects of any beam heating. After irradiation, the Hall measurements
are repeated. The analysis of this type of data has been covered by

Wertheim? and Hil1®.
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The experimental results of irradiation of the crucible grown
:on is shown in Figures 1 through 5. The data for the boron doped,
high dislocation silicon is shown in Figure 1. The vertical axis
represents the ratio of before and after irradiation Hall coefficients.
This parameter eliminates the temperature dependent Hall factor from the
analysis. The resulting curve can be interpreted as if it were carrier
concentration as a function of reciprocal temperature. The data is

consistent with a single donor level at E, + 0.3ev. An introduction

rate of 0.025 cm.‘:L was measured for the defect.

The data for the aluminum doped sample is shown in Figure 2.
In this figure, reciprocal Hall coefficient is plotted on the vertical
axis. The data again indicates a donor level at E, + 0.3ev. with an
introduction rate of 0.028 cm™ . In Figure 3, similar data is shown
for a gallium doped sample. After irradiation, this data also shows

evidence of the E, + 0.3ev level. The introduction rate for the level

in this sample is 0.028 cm™Ll.

The data for the indium doped silicon is presented in Figure 4.
The curve for the unirradiated sample is different from those previously
discussed. Normally the Hall coefficient changes very little in the range
between 100° to 300°K for unirradiated silicon. A slight slope is usually
found because of the temperature dependence of the Hall factor. The
unirradiated indium doped silicon shows a large inflection, typical of a
deep level at 0.16 ev above the valance band. Normal dopants such as

boron or aluminum have very shallow energy levels. This means that the
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Hall coefficient will not change greatly near room temperature because
the Fermi level is remote
this is not true. The indium acceptor level is 0.16 ev above the top of
the valence band. Above room temperature most of the indium atoms are
ionized and the reciprocal Hall coefficient is large. At about

180°K (l%QQ’= 5.6) the Fermi level is 0.16 ev above the valence band and
half the indjum atoms are ionized. At still lower temperatures, the

indium atoms are neutral and the reciprocal Hall coefficient is much

lower but not changing rapidly.

Because of the differences involved with indium, the interpretation
of the irradiation results is complicated. It can be seen from Figure 4
that the Fermi level locks onto the indium level after irradiation. This
limits the data which can be obtained from the sample. It is clear,
however, that the electron irradiation has introduced a deep acceptor in
the forbidden band. This has caused the Fermi level to move further from
the valence band edge. The introduction rate of the irradiation produced
deep acceptor level is estimated to be about 0.023 em™L. Although the
E; + 0.3 ev level cannot be detected, it is not unreasonable to assume
that it is the defect responsible for the observed removal rate. The
data from irradiation of the gadolinium doped silicon is shown in Figure 5.
The analysis of this data again indicates a donor level at E, + 0.3ev

with an introduction rate of 0.028 cmfl.

Figure 6 contains the data for irradiation of a float zone
silicon crystal. The results show evidence of two or more donor levels

introduced as a result of the irradiation. One level was introduced at
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approximately By + 0.20ev with an introduction rate of 0.010 cm™™.

In addition, one or more donor levels are introduced deep in the band gap.
At the highest temperature reached, the Fermi level is 0.31 ev above

the top of the valence. It is apparent from the data that the deep
ragiation damage level must be at least a few kT deeper than 0.31 ev.
This would place the energy level further than 0.35 ev from the band gap.

The introduction rate for the deep level is 0.018 cm~t.

Two conclusions can be reached from the data presented. The
introduction rate of the 0.3 ev level does not vary significantly when
various chemical dopants are utiliged as the principal acceptor. The
slight differences observed are small enough to be attributed to experi-
mental data scatter. Since the introduction rate appears to be independent
of the acceptor atom, the defect complex associated with the 0.3 ev level
does not involve atoms of the dopant. If the 0.3 ev level is involved
in recombination in electron damaged silicon, it is not likely that
radiation damage could be reduced by substitution of one acceptor for

another.

The results found in the float zone silicon are particularly
interesting in as much as the E; + 0.3ev level was not detected. Evidence
was found for two or more energy levels which are not found in crucible
grown silicon. The presence of an E; + 0.20ev level in irradiated float
zone silicon has been reported by other investiganbors.]'l’12 However, the
structure of the defect is not known. The introduction rate is much

lower than that of the 0.3 ev level. No conclusions can be reached
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about the deep level detected. It is interesting to note that the

Also the total of the two introduction rates is equal to that of the

Ey + 0.3ev level in crucible silicon.

It has previously been suggested that the Si-K center and the
E; + 0.3ev level are related to the same defect. The currently proposed
model of the K center is a double oxygen-double vacancy complex or a
double A c:enter.l3 The conclusions reached here are consistent with that
model. Oxygen is necessary for the production of the defect and no

acceptor atoms are involved in the complex.
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I1T. ANNEALING OF ELECTRON INDUCED ENFERGY LEVELS IN SILICON

One method of determining the active recombination centers in
electron irradiated silicon is to correlate the annealing behavior of
silicon devices with annealing behavior of known defects. Considerable
work has been done on annealing of radiation defects in silicon ’15’16;

however, no studies of annealing of the Ev + 0.3ev level have been reported.

For this reason we have studied the thermal annealing of the principal

energy levels found in crucible grown silicon.

The annealing of energy levels was studied by means of Hall
coefficients. The changes caused by annealing are reflected in Hall
coefficient changes in the same way as irradiation effects. The procedures
and instrumentation are identical to those previously described, and a
small tube furnace was used for the annealing. The furnace temperature
was controlled to within 1°C of the desired temperature, and during
annealing was evacuated with a fore. pump to a pressure of less than
10 microns. At higher temperatures,thermal damage to the electrical
contacts on the specimen occurred,necessitating application of new

contacts between annealing cycles.

The annealing data for an isochronal study of 1 ohm-cm n-type
crucible silicon is shown in Figure 7. After irradiation, evidence of
two energy levels is detected. The single acceptor level at E, - 0.17ev
is clearly evident. There is also evidence of a deeper level which is
probably the E, - O.4ev level. The period of the isochronal anneals was

15 minutes. The effect of the first anneal at 200°C displaced the Hall
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coefficient curve vertically without changing the shape. The annealing
of the deeper level at E, - O.4ev is the cause of this shift. The amneals
at higher temperatures cause the low temperature end of the Hall coefficient
curve to move higher while the high temperature values change only’a
relatively small amount indicating annealing of the E, - 0.17ev level.

In this sample, the 0.17 ev level has been half annealed at 350°C and
fully annealed at 400°C. The data is summarized differently in Figure 8.
The vertical axis is the fraction of total radiation defects remaining

in the sample. The fraction lost between room temperature and 200°C is
due to the 0.4 ev level (Si-E centers). A small fraction of those levels
anneal at 250°C and no further annealing was observed until 300°C is
exceeded. All of the defects anneal at 400°C and the sample has returned
to the unirradiated condition. Also shown on Figure 8 is a single point
from the 300°C anneal of a similar specimén with a higher resistivity and
correspondingly lower electron flux. This sample appears to anneal at

a 50°C lower temperature.

The data on annealing of the E, + 0.3ev is summarized in
Figures 9 through 12. The first attempts to anneal the 0.3 ev level were
done on low dislocation crucible grown crystals. Figures 9 and 10 are
typical of these efforts. It is apparent that very little annealing
occurs below 400°C. Rapid annealing occurs around 500°C, with complete
annealing at 550° to 600°C. These temperatures are considerably higher
than those reported for n/p solar cells. For this reason additional
experiments were done to determine the effect of dislocations on the annealing

temperature. Figures 11 and 12 summarize this data. The material used
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had dislocation etch pit densities of approximately 104/cm2. The data

gh concentrations of dislocations the
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0.3 ev level anneals in two stages. Roughly half of the defects anneal

between 350° and 4L00°C. The remainder anneal between 550° and 600°C.

Previous investigations have been made of the E, - O.4ev level
(E center)16’17 and of the E, - 0.17ev (4 center)?s17. The results
reported here appear to be in good agreement with these references. In
general, it can be concluded that the E, - O.4ev anneals rapidly above
100°C. The Ez - 0.17ev level anneals rapidly above the 300° to 350°C

range.

The annealing of the E, + O.3ev proceeds rapidly in the 500° to
600°C range in dislocation free silicon. In highly dislocated silicon,
a large fraction of the 0.3 ev level defects anneal at 400°C. The
remaining defects anneal in a second stage at 550°C. It has been reported
that n/p solar cells anneal rapidly in the 400°C range.l8 In general a
solar cell contains a large number of structural defects in that the
diffusion process introduces large concentrations of dislocations.
It has not been possible to isolate all of the factors affecting the
0.3 ev level annealing. It would be desirable to know what conditions
will enhance the first stage annealing. If all the defects could be
annealed at 400°C, it would be additional evidence of the 0.3 ev level

controlling recombination in irradiated n/p solar cells.
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Iv. THERMAL ANNEALING OF ELECTRON IRRADIATED SOLAR CELLS

Although annealing studies have been done on some silicon devices,
only recently has a comprehensive study of annealing of radiation damage
in solar cells been reported.18 Until recently, commercial solar cells

were very badly degraded by thermal treatments above 300°C. Some solar
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of 450°C and in some cases 600°C. The annealing studies of solar cells

are useful for two reasons. The annealing temperatures are of practical
importance to anyone designing a system to thermally remove radiation
damage. Secondly, the kinetics of the annealing can be of value in
identifying recombination centers and understanding the basic processes

involved in disasscociation of the defects.

The experimental work was performed on contemporary commercially
available n/p solar cells. Cells manufactured by Hoffman, R.C.A., and
Texas Instruments were irradiated and annealed. Most of the work involved
isochronal annealing of irradiated cells; however, some isothermal annealing
was done. The irradiations were performed with 1 Mev electrons, while
the anneals were accomplished in the electronically controlled vacuum
tube furnace described in the previous section. The cells were evaluated
under one sun equivalent of 2800° tungsten illumination and the short
circuit current was used for damage evaluation. To eliminate initial
differences between cells the various parameters used to describe cell

condition are as follows:
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]

% Damage Remaining = (1 -% ) 100

(o]

I = short circuit current
Io = short circuit current before irradiation
Radiation Damage Remaining, Normalized = %9_'_?
o~ -r
Ig = short circuit current after anneal
Ir = short circuit current after irradiation

—
]

short circuit current before irradiation

Figure 13 is a plot of damage versus isochronal annealing
temperature for several electron fluxes for an annealing period of 15
minutes. The temperatures were spaced so that for any anneal, the previous
lower temperature anneals represent an insignificant thermal history. The
most significant pattern is the beginning of rapid anneal at 400°C.

The annealing of this particular group of cells was discontinued at 450°C
because significant therﬁal damage was found in unirradiated cells treated
at 500°C. No conclusions can be reached regarding the possibility of
complete annealing with these cells; however, some lightly irradiated
cells were annealed to only one percent damage remaining. Some samples
show a small portion of the damage annealing below 200°C which may be

due to the presence of different defects such as the E, - O.4ev level. It
is interesting to note that not all samples exhibit this effect. A very

minor reverse anneal is also noted at 300°C on a few samples.

Figure 14 shows similar data for a group of R.C.A. n/p solar
cells. Although there are several minor differences between these cells

and the previous group of Hoffman cells, the commencement of rapid annealing
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is again at 400°C. These cells also show a low temperature component of

+h
[

A Anmn e ana’l
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5 ——— o e s L1 AQ~
amage annealing at 1 ang stirong reverse amneal in the 200°C to

300°C range. The reasons for these changes are not clear- however, they

seem to be in agreement with results reported by Fang18

for the same type
cells. Higher temperature anneals were included to investigate the possibility
of complete radiation damage annealing. The samples with lower electron
fluxes have less than one percent damage remaining after anneal at 500°C.
When irradiated cells were annealed at 600°C, their electrical outputs
were superior to the unirradiated condition. To further investigate this
effect, an unirradiated cell was heated for 15 minutes at 600°C followed
by a rapid air quench. The voltage-current of this cell is shown in
Figure 15. The heat treatment of the R.C.A. cell as received resulted
in a significant increase in short circuit current, open circuit voltage,
and maximum power output. On the basis of this result, it appears that
the improved characteristics found in irradiated cells annealed at 600°C

are not due to a radiation effect, but rather to a thermal effect in the

cell as manufactured.

An isochronal anneal was also made on Texas Instruments cells.
These cells are of considerable interest because they are fabricated from
silicon with a relatively low oxygen concentration. The results of
annealing for the T.I. cells are shown in Figure 16. The isochronal
annealing data is very similar to that for the R.C.A. cells. The tempera-
ture for rapid annealing in the T.I. cells is slightly higher than 400°C

and the last remaining damage tends to persist in the 500°C to 600°C range.
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It was also observed that the T.I. low oXygen cells had the same degradation
ient as the prev groups
concluded that n/p solar cells with an oxygen concentration ranging from
102° to 10%8/cw3 have similar electron damage rates and similar annealing

kinetics.

A few isothermal annealing cycles were made on Hoffman cells.
These results are shown in Figure 17. This data is ok on a semilog plot
in Figure 18. The semilogarithmic plot is a check for first order kinetics.
The latter portions of the isothermal anneal appear to fit a straight line
in Figure 18. The early portions of the anneals are obviously not first
order. By fitting the first order equation C/Co =exp(S%) to the
straightline portion, the reaction constant Tt can be determined. In
Figure 19 an Arrhenius plot is shown for the isothermal data. The
activation energy indicated is 1l.7ev and the pre-exponential factor is
1013 minl. The previous studies of radiation damage have indicated

14,16,19

activation energies of 0.%v to 1l.5ev. In general there is not
enough data presented here to conclusively prove the first order relation-

ship. Considerable more study is necessary to support such a conclusion.

The annealing temperatures for electron irradiated n/p cells
appear to be higher than those found for the E; - 0.17ev level or Si-A
center. Although the annealing of the E; + 0.3ev level is still not
completely understood, it has been shown that a large fraction of the
0.3ev level defects can anneal at 400°C. It is therefore possible that the
large annealing effect seen in irradiated n/p cells is due to loss of the
Ey + 0.3ev level. Recent studies of the annealing of the Si-K center

are in good agreement with this theory.zo
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V. ELECTRON TRRADTATION OF FLOAT ZONE n~TYPE SILICON

Studies of defect introduction rates in electron irradiated
float zone silicon have recently yielded interesting results. Saito and
Harata16 have shown that the introduction rates for the E. - O.4ev level
(phosphorus-vacancy pair) is proportional to the concentration of phosphorus
in the sample. In another study, Stein21 reported that for electron
irradiation of float zone silicon the removal rate changes very little
in the phosphorus concentration range of 1014 to lOlé/cmB. To clarify
these results, several Hall samples of float zone n-type silicon were
irradiated with 1 MeV electrons. The silicon crystals were grown by
TRW-Semiconductors with phosphorus concentrations ranging from 1015 to

1018/0m3. The Hall coefficient was measured before and after irradiation.

In Figure 20 the defect introduction rate is plotted versus the
carrier concentrations for the various samples irradiated. The introduction
rate includes all energy levels above the position of the Fermi level at
liquid nitrogen temperature. This limitation includes all the commonly
known energy levels in n-type silicon. When several points are shown for
the same sample, such as the 0.23 and 0.67Q-cm samples, the data shows
the reduction in introduction rate with remaining carrier concentration
after repeated electron irradiation. The arrows indicate the trend for
increasing electron exposure. The total introduction rate is seen to
rise very slowly through three orders of magnitude charge carrier or
phosphorus concentration. The slope of this variation is identical to

that reported by Stein, but the values are a factor of two lower. In
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case of the 6.80~cm sample, it was possible to separate the introduction

rata ~
e Vehs W N A

"

the E - O_.Lev and +the E - 3. 17av lovslg
L8 oo v.5EV ant Tage I, V.28V LevVe.Ls

rate was 0.6 cmfl. The introduction rate for the E, - O.4ev level was

0.25 cm™, in good agreement with that reported by Saito and Harata.l6

The linear relationship between introduction rate of the E, ~ O.kev

level and the phosphorus concentration reported by Saito and Harata
obviously does not extend to phosphorus concentrations greater than
1016/cm3. It is likely that the displacement production rate of approxi-

mately 2 em™t

will restrict the introduction rates for defects to lower
values. The linear decrease in defect introduction rate with remaining
carrier concentration is probably evidence of phosphorus-vacancy pair

production.

The Hall coefficient data for irradiation of the 0.023(-cm
sample is shown in Figure 21. The Hall coefficients have been converted
into electrons/cm3. Experimental difficulties necessitated a change
of Hall voltage arms after the 2 x 1017e/cm® irradiation, hence a slight
shift is apparent in the data. The unirradiated sample indicates an
activation energy very close to the conduction band edge. This éample
is nearly degenerate and the phosphorus ground level energy has been
lowered by wave function overlap because of the high phosphorus cdncentra-
tion. As the electron flux is increased, the activation energy is
increased. No evidence of shallow radiation damage levels or bands of

such levels is indicated.
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A plot of the activation energies of the sample after various

1 3 3 A~ -~ S L = o 2 PP [1s]
irradiations versus the donor concentration is shown in Figure 22. The

data appears to fit a one-third power relationship. The equation
By = [0.01ev - 3 x 1078 ()™ Jev

is fitted to the data. Similar equations have been presented by Pearson
and Bardeen22 and Debye and Conwell23 to describe variation of ionization

energy of donor and acceptor atoms with concentration.

Further study is necessary to conclusively support the data;
however, the data available does allow certain conclusions. This heavily
doped silicon is in the impurity conduction or overlap state before
irradiation. During the electron irradiation, the principal stable
defect formed is the phosphorus-vacancy pair. The decrease in the
phosphorus donors raises the ionization energy by reducing the overlap
of wave functions. The previously mentioned decrease of introduction rate
with increasing electron flux is additional evidence of a phosphorus

defect complex forming.
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VI. TEMPFRATURE DEPENDENCE OF ELECTRON DAMAGE IN SOLAR CELIS

Considerable effort has been made to determine the response of
silicon solar cells to energetic electron bombardment. Nearly all of this
work has been on the basis of a room temperature environment for the
solar cell. The range of temperatures possible in satellite operations is
subject to considerable variation. Many factors enter into the decision
of the space operating temperatures for solar cells. The primary considera-
tions are the temperature variation of short circuit current, open circuit
voltage, maximum power output, and optimum load line. In the presence of
a radjation environment, the temperature dependence of damage rate should

also be included in the considerations.

An irradiation chamber was attached to the TRW Van de Graaff
in which solar cells were irradiated at temperatures between 77° and
373°K. The apparatus is shown in Figures 23 and 24. It was intended to
allow alternate electron irradiation and evaluation under one sun
illumination by 180° rotation of the vertical cold finger. It became
immediately obvious in the course of the experiments that extraction of tﬁe
temperature dependence of the damage coefficient from the I-V characteris—
tics in the presence of the many other temperature dependences already
present in the I-V characteristic would be a complex task with only
limited creditability. Since the principal objective was to determine
the temperature dependence of the introduction rate of active recombination
centers, the use of I~V characteristics was discarded in favor of

measurements of minority carrier diffusion length. The experimental
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procedure used therefore was to irradiate the cells with 1 MeV electrons
and then evaluate the damage at the irradiation temperature by measuring
the diffusion length. The electron beam currents were monitored by
calibration of the current intercepted by a 0.001" aluminum foil in the
beam. The diffusion lengths were measured by a modified Gremmelmaier
technique.24 In this measurement, the short circuit produced in the cell
by a low flux of 1 Mev electrons is determined. The damage constant

is defined as follows:
=1

+
L2

t‘l'\‘ll--J

L = diffusion length after irradiation

L, = diffusion length before irradiation
% = electron flux
K = damage constant.

The parameter most directly related to the introduction rate of
active recombination centers is the minority carrier lifetime. Since both
the minority carrier lifetime and the diffusion coefficient D are tempera-
ture dependent, the measurement of minority carrier diffusion length has
to be adjusted in order to yield data dependent only on temperature
dependence of the defect introduction rate. To accomplish this adjustment,
the diffusion length of each cell was first read at room temperature in
the experimental configuration. The desired experimental temperature was
then obtained and prior to the first irradiation step the diffusion length
excitation flux was adjusted to yield the same diffusion length current

as previously obtained at room temperature. This electron flux was then
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used through the remainder of the experiments at that particular

temperature for the measurement of diffusion length degradation. Diffusion

length was then measured as a function of integrated flux to confirm the
-3 slope required for the use of the damage coefficient K as given in the
above equation. At all temperatures the cells exhibited a -3 slope of
diffusion length versus integrated flux. At the completion of each
series of exposures the test cell was returned to room temperature and
the diffusion length was again measured with the standard excitation flux.
In all cases the room temperature diffusion length readings agreed with
those obtained at the completion of the exposure at the test temperature.
A1l cells of each given type were irradiated to the same integrated flux
after which the cells were evaluated under one sun illumination. Solar
cells of both polarity, manufactured by Hoffman, were evaluated. Sample
temperatures were monitored by thermocouple during irradiation and

remained constant within 2°C during irradiation.

The experimental values of K, the damage rate, are plotted as a
function of irradiation temperature in Figure 25. Data for both polarity
cells are shown. The resultis indicate that between 77° and 300°K
the damage rate for p/n solar cells remains essentially constant.

The damage rate for n/p cells was constant between 198° and 373°%, but

increased by a factor of 5 at 77°K. The room temperature evaluation of
these cells is shown in Figure 26. The room temperature short circuit
current density of all cells after irradiation is independent of the

irradiation temperature. e
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Several conclusions can be drawn from these data. First,
irradiated cells of both polarities are
identical at room temperature regardless of irradiation temperature from
770 to 373%K. Secondly, the damage coefficient K of both p/n and n/p
cells is independent of the radiation temperature over this temperature
range with the single exception of n/p solar cells at 77°K. Since the
room‘temperature data of n/p cells irradiated at 77°K are virtually
identical with other n/p cells irradiated at different temperature,
several possibilities for this one exception exist; (1) the dominant
recombination center at 77°K in p~type silicon may be a different defect
energy level than at higher temperatures or (2) the defects introduced
at 77°%K may be of a different species which upon raising to a higher
temperature form the stable defect sites normally observed. In any
event, it is interesting to note that the damage coefficient for minority

carrier lifetime in p-type silicon is actually higher by a factor of 5

as opposed to more conventional situations wherein irradiation at lower
temperatures, if anything, usually inhibits the migration and formation

of active defect sites. For example, Wértheim25 and Novak26 have made

studies of electron damage in silicon as a function of temperature.
Their investigations relate to specific energy levels or carrier removal
sites in irradiated silicon and they reported large decreases in damage |
rates for irradiations below 200°K. Since previous measurements of

minority carrier lifetime versus temperature in p-type silicon indicate

no irregularities at 77°K, it appears likely that an extremely active
recombination center energy level exists which can only be produced and
observed at temperatures of 77°K or lower. It is also apparent that the

low temperature recombination center once formed is not stable at higher

temperatures.
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VII. RECOMBINATION CENTERS IN ETLECTRON TRRADIATED SOLAR CELLS

The present state of knowledge regarding recombination centers
in electron irradiated silicon is far from satisfactory. The conclusions
reached by different investigations appear to be very much in confl:'l.c‘c..l'5
A summary of results reported is shown in Table 1. Several conflicts are
apparent regarding the defect level for irradiated silicon of both t
The correct understanding of the recombination center is basic to any
knowledge of electron damage in silicon. For this reason, a study was
done to repeat recombination work previously done in this laboratory for
confirmation purposes and extend it to p/n solar cells.5 The basic
principle of this technique is measurement of diffusion length of solar
cells as a function of temperature. The minority carrier lifetime can be

calculated from the experimental diffusion length and analyzed in terms

of recombination theory.27’28

For the case of recombination of small excesses of minority
carriers through small concentrations of defect centers in n-type silicon,
the lifetime will obey the following expression:

()  rt=1p, (1+11)

o)
if the recombination level is in the upper half of the bana gap. If the

recombination level is in the lower half of the band gap the expression

(B) =71, (1+™ BL

Po Tpo No

will describe the minority carrier lifetime. The various symbols are
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used in the same manner as the original reference. A similar set of
equations can be written for recombination in p~type silicon.

The experimental details have been described in previous reports-5
A solar cell is mounted with scattering foil in a variable temperature
dewar. Under a low 1 Mev electron flux, the solar cell short circuit
current is calibrated to indicate diffusion length. The mobility data
of Ludwig and Watters®’ is used to convert the diffusion length to
minority carrier lifetime. The solar cells used were manufactured by

Hoffman Electronics.

The results of the study of both p/n and n/p solar cells are
shown in Figures 27 through 30. Data is shown for both unirradiated and
electron irradiated cells. The determination of the recombination center
involves fitting the experimental points to the theoretical equations of
the statistics of recombination. As previously mentioned one of two
equations will describe the lifetime, depending on the location of the
energy level of the recombination center. The problems involved in fitting
these curves are well illustrated in Figure 27. This figure shows the
data for an unirradiated p/n solar cell. An attempt has been made to
make the best possible fit for both equations. In this case, neither
fit is perfect; however, one can examine the accuracy of the possible

conclusions more carefully. Equation (B) contains three variables

(Tpo, Tn,» P1), while equation (A) contains only two variables

(Tpobnl)- The probability of achieving a better fit of an equation to a
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set of experimental points rises very fast with the number of variables in
onclusi esulting from fits of equation
(B) to experimental data are subject to question. It is simply too easy

to avoid unaccounted factors such as temperature dependence of Tpo or

ng by using equation (B) rather than (A4). Also, in the case of Figure 27

the use of equation (B) requires the assumption that Tnc/Tp = 1. This
(o)

restriction is undesirable because it implies that the recombination center
is uncharged at all times. Despite the poor fit of equation (A), one
might conclude that the data indicates that a level near E, - 0.17ev
controls recombination in unirradiated p/n solar cells. In any event an

energy level in the 0.15 ev to D.17 ev range is evident.

The analysis of an irradiated p/n solar cell is shown in Figure 28.
This cell was irradiated with 1 x 10™% e/cm?, 1 MeV electrons. In this
case eguation (A) can be fitted to the data. The recombination center
level is at E; - 0.17ev. At low temperatures, the data points do not
fit the theoretical curve; however, there is good reason for reduced
accuracy in the experimental lifetimes at low temperatures. The lifetime

values are calculated from the measured diffusion length values by this

equation:
-2
(c) T=¢
where L = diffusion length

T = minority carrier lifetime

D = diffusion constant.
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The diffusion constant is calculated from drift mobility data by this
eguation

(D) D = kT

where p = drift mobility.
At lower temperatures the mobility is subject to more variation because of
ssumed mobilities at low
temperatures can cause small errors. This is not likely at higher
temperatures where electron-phonon scattering limits the mobility. Since
the low temperature values of the diffusion constant are questionable,
it is reasonable to expect a poorer fit of lifetime to theory at low
temperature. Considering the use of equation (A) rather than (B), and
the excellent fit to theory, the evidence is very strong for the E. - 0.17ev
level (Si-A center) acting as the recombination center in p/n solar cells.
This result is in excellent agreement with Galkin, et al,3 but differs

with Wertheim's conclusions.2

The data for an unirradiated n/p solar cell is shown in
Figure 29. It was possible to fit a theoretical curve for an acceptor
level at E, - 0.07ev to the experimental points. Although the fit appears
to be good, it was necessary to use the p-type equivalent of equation (B)
to make the fit. For this reason, any conclusions are subject to question.

This appears to be the first evidence of such an energy level in silicon.

Figure 30 illustrates the analysis for an electron irradiated
n/p solar cell. In this case, it was also necessary to use the p~type

equivalent of equation (B). The theoretical curve for recombination
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through an acceptor level at Ec - 0.15ev is fitted to the data. A
previous study reported in this laboratory indicated similar results.”
This previous result better fitted a level at Ec — 0.17ev. The difference

between these results is not considered significant.

The first analysis seems to indicate that the E, - 0.17ev
(Si-A center) is the recombination center in the irradiated n/p solar
cell. This conclusion is in direct conflict with data on annealing of
irradiated cells and variation of damage rate with electron energy for
n/p solar cells. These other data indicate that the electron damage
recémbination center in n/p cells is not the E, - 0.17ev (Si-A center),

and probably is the E, - 0.3ev level (Si-K center).

A solution to this dilemma can be suggested from the model of
the Si-K center recently proposed. Almeleh has suggested that the K
center structure is a double A center,13 a complex of two vacancies and
two oxygen atoms in a chain. It is proposed that the strained oxygen-
oxygen bond can donate an electron to the valence band with an activation
energy of 0.3 ev. Another feature of the model is two Si-Si molecular
bonds formed between silicon atoms in the next to nearest neighbor
positions. In the case of the A center, Watkins and Corbett have shown
that such a Si-S5i bond can accept an additional electron in an antibonding
orbital at E, - 0.17ev.6 If similaf behavior is possible in the K
center, it is reasonable to expect the K center to have a double acceptor
level in the vacinity of E, — 0.17ev. The coulombic interactions of such
a doubly charged complex could make such a defect a potent recombination
center. If interaction between the two orbitals is possible the energy

level would be closer to the conduction band edge than 0.17 ev.
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There has been no direct evidence of acceptor levels at E; - 0.1l7ev

there been any evidence of any level at E, - 0.17ev other than that of the
A center, an oxygen vacancy pair. If such a level were also associated with
the K center or E, + 0.3ev level defect, it would be very difficult to
detect because of the low introduction rate. This would be particularly
true in the presence of A centers. At present, the only way to rationalize
all the various results relating to electron damage in n/p solar cells is
to hypothesize recombination through an acceptor level 0.15 - 0.17 ev

below the conduction band which is associated with the K center. The
alternate is accepting the E, - 0.17ev level (A center) or Ey + 0.3ev

level (K center) as the recombination center and discount the conflicting

evidence between the two.
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Figure 14. Isochronal Annealing of R.C.A. n/p Solar Cells
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Figure 19. Arrhenius Plot for Hoffmman n/p Solar Cells
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Figure 25. Damage Rate of Solar Cells for 1 MeV Electrons
at Various Temperatures
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Figure 26. Room Temperature Short Circuit Currents for Solar
Cell Irradiated at Various Temperatures
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Figure 27. Dependence of Lifetime on Reciprocal Temperature,
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1.0

T (HSEC)

.05

.02

4161 -6023-R0O000
Page 56

O EXPERIMENTAL
—THEORETICAL

™
T -1;, (1 +—=)

o o
p/n CELL, 18 - cm
.Ec - Er =0.17 ev
T =0.16uSEC
Py
Eb = 1.0 Mev
d=1X 10]4 e/cm2
CELL CEG 94

Figure 28.

3.0

4.0
1000

1K)

Dependence of Lifetime on Reciprocal Temperature,

Electron Irradiated p/n Silicon Solar Cell



4161-6023-R0000

Page 57
100
50
O EXPERIMENTAL
—— THEORETICAL
T n
T=v (1 +_P2 -.._I.
nO rﬂ po
o]
E -E =0.07 ev
[+ r
20 n/p CELL = 10Q-cm
UNIRRADIATED
g T =4.2 uSEC
- [o]
1 T =0.0042 pSEC
. Po
10 \
5
o
) l I
2.5 3 3.5 4 4.5 5
1000
TCK)

- Figure 29, Dependence of Lifetime on Reciprocal Temperature
Unirradiated n/p Silicon Solar Cell
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Figure 30. Dependence of Lifetime on Reciprocal Temperature
Electron Irradiated n/p Silicon Solar Cell
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